The impact of ball milling on structural components of maize (Zea mays L.) stem was investigated in relation to enzymatic hydrolysis of carbohydrates. Ball milling of extractivefree maize stem material was carried out with different milling times up to 12 h.
Introduction
Residues of cereal crops could supply sustainable raw material for biofuel production.
Conversion of lignocellulose into valuable products via so-called sugar platform involves four main steps: pretreatment, hydrolysis, fermentation, and product recovery. Initial mechanical treatment, for instance by shredding, precedes pretreatment, and is used to decrease particle size of the lignocellulosic feedstock suitable for mass transfer operations.
Enzymatic hydrolysis of lignocellulose is inefficient without further pretreatment that disintegrates the cell wall components and renders carbohydrates susceptible for enzymes.
Mechanical treatments can facilitate enzymatic hydrolysis by disrupting the lignincarbohydrate network and by increasing accessible surface area of carbohydrates. In addition to the particle size reduction occurring in all mill types, ball milling has been shown to decrease cellulose crystallinity of rice straw, sugarcane bagasse and straw, leading to improved enzymatic digestibility (Hideno et al., 2009; da Silva et al., 2010) . While ball milling is typified by high energy consumption, making it too expensive for large scale pretreatment processes, it is an efficient laboratory scale technique used for example in sample preparation prior to extraction (Balakshin et al., 2011; Zoia et al., 2011) , sizeexclusion chromatography (Salanti et al., 2012) or liquid-state NMR spectroscopy (Lu and Ralph, 2003) . In view of the positive effect of ball milling on enzymatic hydrolysis, better understanding of the structural changes induced by ball milling could turn out useful for development of improved hydrothermal or thermochemical pretreatments.
It is well known that ball milling can have drastic effects on plant cell walls. Operation mode of the ball mill, as well as the materials of the milling jar and balls, and the amount and type of feedstock all affect outcome of the milling. Schwanninger et al. (2004) showed that the effect of even short (5 s to 2 min) duration vibratory ball milling can be visualized from the Fourier transform infrared (FTIR) spectra, and that in the case of wood, the main changes were attributable to the decrease in the degree of crystallinity and/or degree of polymerisation of cellulose. Also planetary ball milling induces changes in lignocellulose, at least when using zirconium milling jar and balls, as demonstrated by production of arabinoxylan oligosaccharides from wheat and rye bran (Van Craeyveld et al., 2009 ). In addition to cleavage of glycosidic linkages of carbohydrates, covalent bonds between lignins and carbohydrates may be cleaved. Balakshin et al. (2011) mentioned that the benzyl ether bond in the lignin carbohydrate complex (LCC) in wood is very likely degraded in planetary ball milling. Furthermore, degradation of interunit linkages of wood lignins has been suggested as a result of vibratory, but not rotary, ball milling (Ikeda et al., 2002; Schwanninger et al., 2004; Fujimoto et al., 2005; Guerra et al., 2006) . As contrasted to these studies on wood materials, effects of ball milling on grasses and grass lignins have not been as comprehensively elucidated. In particular, though maize (Zea mays L.) is a widespread crop of genetic, agronomical and industrial interest (Barrière et al., 2009) , little is known about the impact of mechanical treatments on maize stem structural components and enzymatic hydrolysis.
The objective of the current paper was to investigate the impact of mechanical disruption of the cell wall components on enzymatic hydrolysis of maize stem carbohydrates. To our understanding, this is the first study that utilizes maize stem material in ball milling from the viewpoint of enzymatic hydrolysis. In the first step, the overall effect of ball milling on enzymatic hydrolysis was studied using a commercial cellulase preparation. Stability of lignin aryl ether linkages towards mechanical degradation was studied by analyzing the milled solid fractions before and after enzymatic hydrolysis by thioacidolysis-GC/MS. In the second step the aim was to study in detail the role of lignin in enzymatic hydrolysis of carbohydrates. To achieve this, two alkali-soluble lignin-carbohydrate (LC) fractions were used as models for enzymatic hydrolysis. Separate treatments of the LC fractions with the cellulase preparation and with a purified endoxylanase were performed to elucidate the effect of lignin structure on carbohydrate conversion. Evidence was obtained that lignin structure has a significant role in enzymatic hydrolysis of polysaccharides.
Materials and methods

Materials
Extractive-free residue from F2 line (INRA) maize stem material contained 17.3% Klason lignin and anhydrous sugars in the following percentages: 40.0% glucose, 20.2% xylose, 2.4 % arabinose, 0.6% galactose (Sipponen et al., 2013) . Two lignin-carbohydrate (LC) fractions, LC1 and LC2, isolated from the above maize stem material by room temperature alkaline extractions were used as model materials for enzymatic hydrolysis (Sipponen et al., 2013) .
LC1 and LC2 contained 38.3% and 18.7% Klason lignin and 50.3% and 70.7% carbohydrate of which arabinoxylan comprised 93% and 89%, respectively. In addition, LC1 contained 12-times more hydroxycinnamic acids and lignin interunits only involved in aryl ether linkages compared to LC2 as revealed by thioacidolysis (Sipponen et al., 2013) . A cellulolytic preparation "Onozuka R-10" (Serva Electrophoresis, Germany) from Trichoderma viride was used in the saccharification assays. Purified endoxylanase PaXyn11A belonging to the GH11 family, and fused to a family 1 CBM (carbohydrate binding module), was a kind gift from Mrs. Mireille Haon (INRA, Marseille). Details of the expression and secretion of PaXyn11A in the yeast Pichia pastoris has been published (Couturier et al., 2011) .
Ball milling procedure
Extractive-free maize stem material (3.0 g) was weighed into a 50 mL stainless steel vessel with internal agate surface, and loaded with 28.6 g of agate balls (20 balls, 10 mm diameter).
The vessel was fixed into a Retsch PM 100 planetary ball mill, operated at 600 rpm frequency at room temperature for a predetermined time with 20 min-20 min work-pause sequence. The actual working time of the mill excluding the paused time is presented in this work.
Extraction of ball-milled material with aqueous dioxane
To study disintegration of lignin-carbohydrate network during ball milling, 15 mg of milled material was extracted with 1 mL of dioxane/water (9:1, v/v), for 24 h at room temperature.
Mass extinction coefficient of the soluble matter at 280 nm was calculated based on the total amount of dry matter of milled material weighed to extraction. The extractions were carried out in duplicate.
Determination of enzyme activities
Endoglucanase activity was determined according to Ghose (1987) using 1.5% (w/v) CMCNa salt, low viscosity (Sigma) as substrate. The assay for endoxylanase activity was adapted from Nakamura et al. (1993) using 1.5% (w/v) beechwood xylan (Sigma-Aldrich) or larchwood xylan (EGA-Chemie) as substrate in 50 mM Na-citrate buffer (pH 4.8) at 50 °C for 10 min. The amount of reducing sugars formed in the endoxylanase and endoglucanase assays were determined relative to xylose and glucose standards, respectively (Miller, 1959) .
One international unit of activity refers to the amount of enzyme that releases one μmol of xylose or glucose in one minute under the assay conditions. The determinations were carried out in duplicate and the results are given in the supplementary material in Table S1 .
Determination of protein content
Protein contents were assayed according to the Bradford (1976) method using Coomassie Plus reagent (Thermo) and BSA (Sigma) standards. Absorbance at 595 nm was measured using a Spectra max 340PC microplate reader (Molecular devices, USA). The determinations were carried out in duplicate.
Enzymatic treatments
Lignin-carbohydrate fractions (LC1, LC2) or ball-milled extractive-free maize stem samples were mixed to a low consistency (1-2% w/v) suspension in 0.05 M Na-acetate buffer (pH 5) at constant amount of Onozuka R-10 per sample dry matter (4.5 mg protein/g). Hydrolysis reactions were carried out in screw-capped test tubes at 45 °C in continuous free-fall agitation. Sodium azide (0.025%, w/v) was used to prevent microbial growth. Reaction time was 40 h for the LCs and 72 h for the ball-milled samples. Under identical reaction conditions, LC1 and LC2 were treated with PaXyn11A (33 mg protein/g). To obtain enough residual material for lignin analysis, hydrolysis of ball-milled materials was carried out in identical conditions as above, but in stirred suspensions containing 1 g of solids. After reaction, the suspension was centrifuged and 1 mL aliquot was withdrawn from the supernatant before it was decanted off. The solid fraction was washed three times with deionized water, or in the case of LC1 and LC2, washed twice with 10 mL of 0.05 M Naacetate buffer (pH 5), 10 mL of 0.2% (w/v) Tween 20 (Sigma-Aldrich) in the same buffer solution with 15 min incubation in an ultrasonic water bath at 50 °C, and finally three times with 10 mL of deionized water (pH 5). Control experiments containing LC1, LC2 or ballmilled samples in the buffer without enzymes were carried out in parallel with the enzymatic treatments that were carried out in duplicate.
Lignin and carbohydrate analysis
Lignin content was determined gravimetrically from the ball-milled samples and from the corresponding hydrolysis residues after the Onozuka R-10 treatment according to the protocol adapted from Dence (1992) . The acid-insoluble residue from the two-stage sulfuric acid hydrolysis was corrected for its ash content and termed Klason lignin. To determine total carbohydrate content of the liquid sample after enzymatic reaction, monosaccharides were analyzed either directly or after post-hydrolysis (Sluiter et al., 2008) . The post-hydrolysis was carried out by mixing 2.5 mL of the supernatant dilution with 2.5 mL 8% w/v H 2 SO 4 in a glass screw-cork tube and carrying hydrolysis in an oil bath at 121 °C for 1 h.
Monosaccharides were analyzed with high-performance anion-exchange chromatography (HPAEC) as described in the literature (Sipponen et al., 2013) . The difference between the amount of sugar obtained from the liquid sample after and before the post-hydrolysis was interpreted as the content of polymeric carbohydrate in the samples. The hydrolysis treatments and sugar analyses were carried out in duplicate. Calculation of anhydrosugars was made by multiplying the masses of pentose and hexose monosacchrides by 0.88 and 0.90, respectively.
ATR-FTIR spectroscopy
Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectra were recorded using a Nexus 470 FT-IR (American Nicolet Company). Averaged spectra were calculated from 5-10 individual acquisitions from each of the materials with 10 scans at resolution of 4 cm -1 .
Thioacidolysis
Thioacidolysis of untreated or ball-milled maize stem materials (15 mg) was carried out according to the literature (Lapierre et al., 1995) 
Solubility in pyridine
Solubility in pyridine of LC1 and LC2 as well as their corresponding enzymatic residues was studied using spectrophotometry. Accurately weighed sample (5-10 mg) was mixed with 20 mL of spectroscopy grade pyridine (Merck), and the suspension was incubated 48 h at room temperature with occasional shaking. The solution was passed through 0.45 μm GHP syringe filter (Pall), and absorbance against pyridine was measured at 317 nm and 380 nm in a capped quartz cuvette. Mass extinction coefficients at 317 nm and 380 nm were calculated based on the total amount of sample mixed with pyridine. Duplicate absorbance measurements from each single solution were made.
Results and discussion
Effect of ball milling on enzymatic hydrolysis of maize stem carbohydrates
Recalcitrance of lignocellulosic materials towards enzymatic hydrolysis limits saccharification of these renewable resources. One of the targets of the current paper was, therefore, to study the effect of ball milling of maize stem on enzymatic hydrolysis of its carbohydrates. Enzymatic treatment of the milled material resulted in increased conversion of carbohydrates to monosaccharides when the milling time was increased up to 5 h (Fig. 1) .
Thereafter, the carbohydrate conversion maintained at 77%...79% regardless of the milling time (6 h…12 h). In accordance with the observed carbohydrate conversions, Klason lignin content in the solid residues from the enzymatic hydrolysis increased from 24.3% to 63.8%
during the first six hours of milling, and increased further as the milling time reached 12 h (67.2%). Ball milling alone rendered increasing amounts of maize stem material water-soluble with increasing milling time (Fig. 1) . After 12 h milling 82% of the solid material was recovered as insoluble residue from aqueous suspension as opposed to 95% without milling.
The observed maximum carbohydrate conversion is in accordance with the literature results with other grass materials. Total carbohydrate conversions from ball-milled rice straw and sugarcane bagasse of 78% and 82% have been reported (Hideno et al., 2009; da Silva et al., 2010) . Hideno et al. (2009) further showed that carbohydrate conversion from ball-milled rice straw could not be increased with increasing cellulase activities beyond 2 FPU/g-rice straw. It thus appears that the action of hydrolytic enzymes is limited by structural factors of the solid material. In the present study the conversion of cellulose was higher than that of hemicellulose (Table 1) . In fact, after 3 h milling conversion of cellulose reached the level of 90% while conversion of arabinoxylan remained low (arabinose < 29% and xylose < 63%),
suggesting that presence of lignin associated to hemicelluloses, within lignin-carbohydrate complexes (LCCs), might be involved in formation of such resistant entities. In order to identify these structural elements, the effect of ball milling on main structural components of maize stems was studied, and the effects are discussed based on the observed carbohydrate conversions through enzymatic hydrolysis.
Effect of ball milling on maize stem cell wall components
Extractable phenolic and carbohydrate fractions
During ball milling the samples were pulverized in less than thirty minutes, and Klason lignin contents of the milled samples remained unchanged at 17.1% with up to 12 h milling. To study disintegration of the lignin-carbohydrate network, ball-milled samples were extracted with dioxane:water (9:1, v/v) at room temperature, and the extracts were analyzed by UVspectroscopy. Calculated from the Beer-Lambert law and based on the measured absorbance at 280 nm, mass extinction coefficient of the aqueous dioxane extracts showed linearly increasing trend with the increasing milling time (Fig. 2) . This increase could be a priori explained by an increased proportion of extractable phenolics or by a change in the composition of the phenolic extract. A closer look into the absorbance spectra normalized at 280 nm showed increasing relative absorbance in wavelengths exceeding 280 nm (Fig. 2) .
The maximum increase in absorbance at 315 nm from 1 h to 12 h milled samples could be attributed to dissolution of material containing p-coumaric acid and ferulic acid (Higuchi et al., 1967) , such as lignin, LCCs, and arabinoxylan fragments stemming from hemicellulose depolymerization. Evidence of this depolymerization was brought by analysis of the free monomeric sugars released into the aqueous extracts in absence of enzymes. In addition to generation of arabinose, glucose, and xylose, appearance of galactose was noticed (Fig. 2) .
While glucose could originate either from cellulose of xyloglucan, arabinose, xylose, and galactose arised from hemicellulose depolymerization. This is consistent with an earlier work showing production of oligomeric arabinoxylans as a result of ball milling (Van Craeyveld et al., 2009) . Enzymatic hydrolysis of cellulose from the milled samples was probably facilitated by the depolymerization of hemicelluloses, but nonetheless enzymatic conversion of arabinoxylan remained low (Table 1) .
Infrared spectra and cellulose crystallinity
To analyze direct changes in cellulose, Attenuated Total Reflectance Fourier transform infrared spectroscopy (ATR-FTIR) was used to study the effect of ball milling on maize stem cell walls as analyzed before and after enzymatic hydrolysis. Compared to traditional transmission FTIR measured using KBr-pelleting technique, ATR-FTIR is essentially a surface analysis technique and thus advantageous for studying enzymatic reactions on solid cellulose surfaces. Samples were selected for the ATR-FTIR analysis based on the observed enzymatic carbohydrate conversions (Fig. 1) . Analysis of the whole milled material before enzymatic treatment indicated clear changes in the spectra as a function of milling time (Fig   3) . Intensity of the broad band at 1200-1300 cm -1 increased when ball milling time increased from 0 h to 2 h with little change thereafter. Though this band at 1200-1300 cm -1 may originate from structures assignable to both lignin and carbohydrates or LCCs (G-ring, CH-, C=O, OH, COOH, C-C, C-O, C=O) (Schwanninger et al., 2004) , decreasing intensity of the band was interpreted to be due to increasing amount of lignin on the particle surfaces as a result of reduced particle size by milling. Other apparent change was the increased intensity of the band at 894 cm -1 as a function of increasing milling time. The ratio of band heights at 1429 cm -1 and 894 cm -1 has been used as a relative measure for crystallinity of cellulose (O'Connor et al., 1958) . Using this approach it was found that ball milling decreased the relative cellulose crystallinity drastically with increasing milling time up to 6 h (Fig. 3) . No further change was, however, observed with prolonged milling as indicated by similar band height ratios from 6 h and 12 h ball-milled samples. Data in Table 1 showed highest cellulose conversions as a result of long duration ball milling for 3 h to 12 h (88% to 92%) compared to cellulose conversion with 1 h milling (72%). Linear correlation between cellulose crystallinity and cellulose conversion was found (statistically significant coefficient of determination; R 2 =0.81, p=0.003), suggesting that cellulose crystallinity could be a factor limiting enzymatic conversion.
When analyzed from the solid residues after hydrolytic treatment of the milled samples with Onozuka R-10, the infrared spectra showed decreasing intensity in the broad band at 950 cm -1 -1100 cm -1 with increasing milling time (Fig. S1 in the supplementary material) . Decreased intensity in this wavenumber region can be explained by decreasing relative amount of carbohydrates as a result of Onozuka R10 treatment of the solids obtained as a function of increasing milling time. Relative crystallinity of cellulose in the solid residues from enzymatic hydrolysis was lower than before hydrolysis, probably as a result of enrichment of lignin on particle surfaces due to hydrolysis of cellulose from the surfaces (Fig. 3) . This is consistent with the suggested penetration depth of ATR-FTIR between 0.5 µm and 1 µm in wheat (Triticum aestivum L.) straw with the signal intensity decreasing exponentially with depth of penetration (Kristensen et al., 2008) . While changes in cellulose structure could be elucidated from the ATR-FTIR spectra, little information on lignin structure was obtained.
Therefore, analytical procedures targeted to providing specific information on changes in lignin structure were used.
Reactivity of lignin towards thioacidolysis
Lignin has been said to be detrimental to enzymatic hydrolysis for instance because it hinders access of enzymes on carbohydrates (Mooney et al., 1998) , but the effect of lignin structure on enzymatic hydrolysis has not been fully elucidated. Although ball milling did not change the lignin content of maize stem material, changes in lignin structure were taken under study.
Thioacidolysis is an analytical degradation based on selective solvolytic cleavage of aryl ether linkages of lignin in presence of ethanethiol. Analysis of the C 6 C 3 trithioethyl phenylpropane monomers provides information on the amount of lignin units only involved in aryl ether bonds (Rolando et al., 1992) . When thioacidolysis was performed directly on ball-milled samples, yield of trithioethyl derivatives of S, G, and H monomers decreased linearly with increasing ball milling duration, showing up to 86% decrease with 12 h milling (Fig. 4) . This severe decrease in thioacidolysis yield would suggest that ball milling induced extensive cleavage of -O-4 bonds and formation of C-C bonds resistant to thioacidolysis.
However, thioacidolysis yields from solid residues after enzymatic hydrolysis were systematically substantially higher than that obtained directly from the ball-milled samples (Fig. 4) . Compared to the the ratio of syringyl to guaiacyl monomers from thioacidolysis without ball milling (S/G=0.89), the ratio was similar with the solid residue from 8 h milled 
Effect of lignin-carbohydrate interactions and structure of lignin on enzymatic hydrolysis
It was recently shown that two structurally distinct lignin-carbohydrate fractions can be isolated from extractive-free maize stems material by sequential alkaline extraction before and after endoglucanase treatment (Sipponen et al., 2013) . The first alkali-soluble fraction (LC1) contained lignin with 12-times more units only linked by aryl ether bonds than the second fraction (LC2). To study the effect of lignin-carbohydrate interactions on enzymatic hydrolysis independently of crystalline cellulose, LC1 and LC2 were used as model materials in enzymatic hydrolysis. Based on the ATR-FTIR analysis the relative crystallinities (A1429/A894) of LC1 and LC2 were 2.5 and 3.7, respectively, indicating low crystallinity comparable to the value of 12 h ball-milled maize stem material (A1429/A894 = 3.4). LC1
and LC2 were treated with purified endoxylanase PaXyn11a, Onozuka R-10, or with buffer solution only. These treatments resulted in different levels of carbohydrate conversions. The results show that LC2 was easier material to hydrolyze than LC1 by both PaXyn11a and Onozuka-R10 (Table 2 ). The latter enzyme gave total carbohydrate conversion from LC2, while the carbohydrate conversion of LC1 was incomplete (83%). Moreover, lignin content of LC2 (18.3%) was comparable to the lignin content of the ball-milled maize stem materials (17.1%). Based on this information it is evident that presence of lignin does not alone restrict complete hydrolysis of carbohydrates (hemicelluloses) with the enzyme dosage used. The lower carbohydrate conversion from LC1 could be explained by both its higher lignin content and less condensed lignin structure compared to LC2. Moreover, Onozuka R-10 released higher relative proportion of non-monomeric carbohydrates from LC1 (39%) than from LC2 (27%). This suggests that LC1 was overall more difficult material to hydrolyze by the enzymes, perhaps additionally due to its less condensed lignin structure and the presence of 12-times more hydroxycinnamic acids compared to LC2. Indeed, Zhang et al. (2011) found that at similar lignin contents, lignin condensation degree and content of p-coumaric acid (CA) esters statistically significantly correlated with maize cell wall in vitro degradability. In addition to presence of esterified CA in lignins, enzymatic hydrolysis might be also constrained by ferulic acid that cross-links adjacent arabinoxylan chains and also arabinoxylans and lignins (Grabber et al., 1998) .
To study changes in the lignin-carbohydrate interactions as a result of the enzymatic treatments of LC1 and LC2, solubility in pyridine of the original fractions and the corresponding hydrolysis residues was studied. This enabled to indirectly estimate the role of lignin in restricting enzymatic hydrolysis of associated carbohydrates, because according to solubility parameter, pyridine is a good solvent of various types of lignins (Schuerch, 1952) .
Solubility was tested both qualitatively (visual observation on solubility) and by measuring absorbance at 317 nm and 380 nm and calculating the respective mass extinction coefficients based on the amount of LC fraction weighed in pyridine. These two wavelengths were selected to measure contribution of associated hydroxycinnamic acids (317 nm) and lignins (380 nm) to the extinction coefficients of the LC samples, given that interference from hydroxycinnamic acids was low at 380 nm (Fig. S2) .
Results show that Onozuka R-10 treatment increased solubility of the LC1 and LC2 residues as compared to the negligible effect of PaXyn11a or buffer solution only (Table 3) .
Interestingly, PaXyn11a did not affect solubility of the LC residues despite 21.8% and 43.0%
carbohydrate conversion from LC1 and LC2, respectively (Table 2 ). In contrast, the LC1-Onozuka R-10 residue was fully soluble, despite the 17% lower carbohydrate conversion compared to the partially soluble LC2-Onozuka R-10 residue ( Table 2 ). The measured extinction coefficients at 380 nm of LC1 and LC2 were divided by their Klason lignin content and compared to the extinction coefficients at 380 nm of the Onozuka R-10 residues of LC1 and LC2 with hypothetical total lignin content. Extinction coefficients of 7.81, 6.38, 0.42, and 4.08 mL mg -1 cm -1 were obtained for LC1, LC1-Onozuka R-10, LC2, and LC2-Onozuka R-10, respectively. This confirmed that in the case of LC2, increased solubility rather than enrichment of lignin as a result of Onozuka R-10 treatment explains increased extinction coefficient at 380 nm. These results indicate that although the presence of carbohydrates limits solubility of lignin in pyridine, below certain carbohydrate content lignin structure is a more important factor to determine solubility of lignin. With its lower proportion of lignin with condensed interunit linkages, LC1 and its corresponding residues showed better solubility compared to LC2. On the other hand, lignins rich in aryl ether linkages showed more adverse effect on limiting enzymatic hydrolysis, a trend previously suggested for maize cell walls based on in situ correlation study (Zhang et al., 2011 ). In the current study more direct evidence of the effect of lignin structure on enzymatic hydrolysis was obtained because the LC1 fraction did not contain crystalline cellulose that is itself a poor substrate for cellulases. Moreover, in accordance with the lignin structure of LC1, molecular modelling studies indicate that higher proportion of β-O-4 bonds favoring extended linear structure promotes associative forces between cellulose and lignin (Besombes et al., 2005) . The lower proportion of β-O-4 bonds in LC2 suggests higher degree of branching in lignins that has been suggested to significantly hinder associative forces between lignins and cellulose (Besombes et al., 2005) . In the current investigation, LC1-type less condensed lignins could be released as a result of Onozuka R-10 treatment of ball-milled maize stem samples. According to our hypothesis, the released lignin might then preferably precipitate and/or adsorb on cellulose and other linear carbohydrates and this would hinder enzymatic hydrolysis.
Conclusions
In this study ball milling was applied to maize stem extractive-free material in order to investigate the impact of this mechanical treatment on both cell wall structure and enzymatic degradability. As for other grasses, ball milling led to severe depolymerization of hemicelluloses and increased enzymatic conversion yield of total polysaccharides to monomeric sugars. The efficiency of the treatment was assigned to the combination of cell wall disruption, decreased cellulose crystallinity and depolymerization of hemicelluloses.
Three hour ball milling time turned out to be a plateau ensuring a subsequent 90% enzymatic conversion yield of cellulose into glucose, and among hemicelluloses a 60% release of xylose but only a 20% release of arabinose. 
